To test whether the ability of Bacillus thuringiensis toxins to form pores in the midgut epithelial cell membrane of susceptible insects correlates with their in vivo toxicity, we measured the effects of different toxins on the electrical potential of the apical membrane of freshly isolated midguts from gypsy moth (Lymantria dispar) and silkworm (Bombyx mori) larvae. In the absence of toxin, the membrane potential, measured with a conventional glass microelectrode, was stable for up to 30 min. It was sensitive to the K ؉ concentration and the oxygenation of the external medium. Addition of toxins to which L. dispar is highly [CryIA(a) and CryIA(b)] or only slightly [CryIA(c) and CryIC] sensitive caused a rapid, irreversible, and dose-dependent depolarization of the membrane. CryIF, whose toxicity towards L. dispar is unknown, and CryIE, which is at best poorly active in vivo, were also active in vitro. In contrast, CryIB and CryIIIA, a coleopteran-specific toxin, had no significant effect. The basolateral-membrane potential was unaffected by CryIA(a) or CryIC when the toxin was applied to the basal side of the epithelium. In B. mori midguts, the apical-membrane potential was abolished by CryIA(a), to which silkworm larvae are susceptible, but CryIA(b) and CryIA(c), to which they are resistant, had no detectable effect. Although the technique discriminated between active and inactive toxins, the concentration required to produce a given effect varied much less extensively than the sensitivity of gypsy moth larvae, suggesting that additional factors influence the toxins' level of toxicity in vivo.
Bacillus thuringiensis is the most widely used environmentfriendly alternative to chemical insecticides for the biological control of forest and agricultural pests and vectors of human and animal diseases (22) . During sporulation, different strains of this gram-positive bacterium produce crystalline parasporal inclusion bodies, composed of one or more toxic proteins known as ␦-endotoxins, with a high level of specificity against different species of lepidopteran, dipteran, and coleopteran insects (17) and certain parasitic nematodes and protozoan pathogens (8) . Following their ingestion by susceptible insect larvae, these crystalline inclusions are solubilized in the highly alkaline midgut lumen and converted to active toxins by trypsin-like proteases. The activated toxins cross the peritrophic membrane, bind to specific receptors on the brush border apical membrane of midgut columnar cells, and insert into the membrane. Pore formation disrupts the ionic gradients and osmotic balance across the apical membrane and eventually causes the epithelial midgut cells to lyse. This leads to a massive disruption of the epithelium and ultimately to the death of the larvae by starvation or septicemia (20) .
Binding of B. thuringiensis toxins to specific receptors undoubtedly plays an important role in their mode of action (15, 31) . In several cases, the binding characteristics of different toxins correlate well with their toxicities (4, 6, 16, 38, 39) . Such correlations are not always found, however. For instance, less potent toxins have been shown to bind with affinities similar to (5, 18) or higher than (9, 42) those of more potent toxins, and CryIA(c), which does not kill Spodoptera frugiperda, has nevertheless been shown to bind with high affinity to its midgut cell brush border membrane (10) . Similarly, resistance to B. thuringiensis toxins can in some cases (3, 9, 40) , but not in all (6, 12, 25) , be attributed to altered receptor binding properties. The interpretation of results concerning the role of altered toxin binding characteristics in resistant insects is further complicated by the fact that the ability of the same strain of CryIA(c)-resistant Plutella xylostella to bind this toxin was found to be either almost completely lost (34) or only slightly altered (26) when measured with two different techniques. Toxin binding thus appears to be necessary but not sufficient for toxicity and, therefore, does not provide a reliable index of toxin potency.
In the present study, a new and simple in vitro technique was developed to measure the electrical membrane potential of the epithelial cells in freshly isolated lepidopteran larval midguts. The ability of different B. thuringiensis toxins to depolarize the apical membranes of gypsy moth and silkworm larval midguts was compared with their in vivo toxicities. Although only active toxins were able to depolarize the membrane, their in vitro activities varied much less extensively than their relative in vitro toxicities towards the gypsy moth.
MATERIALS AND METHODS
Insects. Second-instar larvae of the European gypsy moth, Lymantria dispar, and the Chinese silkworm, Bombyx mori, were obtained from the insect-rearing facility of the Great Lakes Forestry Center. L. dispar larvae were reared at 18°C on a standard synthetic medium, and B. mori larvae were reared at room temperature on mulberry (Morus alba) leaves. Third-and fourth-instar larvae which were actively feeding were used for the electrophysiological experiments.
Solutions. Experiments were conducted in the standard 32K solution composed of 32 mM KCl, 5 mM CaCl 2 , 5 mM MgCl 2 , 166 mM sucrose, and 5 mM Tris-HCl (pH 8.0) (30) . The solution was filtered through a 0.2-m-pore-diameter membrane (Gelman Science). For some experiments, KCl was replaced by N-methyl-D-glucamine-HCl or was added to achieve a concentration of 72 or 128 mM. For most experiments, O 2 was bubbled vigorously through the solutions for 30 min before use.
Toxins. CryIA(a), CryIA(b), CryIA(c), CryIB, CryIC, CryIE, CryIF, and CryIIIA toxins were trypsin activated and high-pressure liquid chromatography purified as described previously (27, 33) . Stock solutions were prepared in 25 mM Tris-HCl (pH 9.4) for the CryI toxins or in 25 mM 2-(N-cyclohexylamino)ethanesulfonic acid (CHES)-KOH (pH 10.5) for CryIIIA at a concentration of 2 mg/ml and kept at 4°C. They were diluted daily to appropriate concentrations in the 32K solution.
Midgut isolation. The larvae were pinned ventral side down, and the body wall was cut with fine microdissection scissors on the dorsal side along the longitudinal axis from the last abdominal segment to the first thoracic segment. Midguts were transected at each end and rinsed with the 32K solution. The peritrophic membrane, with its food content, and the Malpighian tubules were removed with forceps. B. mori larvae were chilled on crushed ice for 10 min before dissection.
Membrane potential measurements. When the midgut is cut transversely, both ends curl back onto themselves. For the measurement of the apical-membrane potential (V am ), the isolated midgut was aspirated from its posterior end into a glass pipette until its anterior end curled around the pipette tip, thus exposing the apical surface (adjacent to the lumen) of the epithelial cells. The pipette was lowered near the bottom of the perfusion chamber, and midgut cells were impaled with a glass microelectrode filled with 1 M KCl (Fig. 1A) . For the measurement of the basolateral-membrane potential (V bm ), each end of the midgut was aspirated into a holding pipette and the epithelial cells were impaled from the basal side (facing the hemolymph) (Fig. 1B) . Electrode resistance was between 120 and 200 M⍀. On the basis of earlier studies (29, 30, 35) , the impalements were considered successful when the initial membrane potential was Ϫ20 mV or less. The signal was amplified with a KS-700 microprobe system (WP Instruments) apparatus, monitored on an oscilloscope (Kikusui Electronics), and recorded on a strip chart recorder (Houston Instruments). The bath was perfused continuously with the 32K solution at approximately 1 ml/min until the membrane potential was stable over 5 min. Then the perfusion was stopped, and 1 ml of the 32K solution containing the appropriate toxin concentration was added directly to the bath. After 5 min, the preparation was rinsed by resuming the perfusion with toxin-free 32K solution. All experiments were carried out at room temperature (24°C).
RESULTS

Effect of B. thuringiensis toxins on V am of L. dispar midguts.
In the absence of toxin, V am measured in the anterior region of freshly isolated L. dispar larval midguts bathed in the standard 32K solution was Ϫ73.4 Ϯ 1.4 mV (mean Ϯ standard error of the mean [SEM] ; n ϭ 50) and remained stable for up to 30 min. It increased when KCl was replaced by N-methyl-D-glucamine-HCl and decreased progressively as the K ϩ concentration was raised from 32 to 72 and 128 mM (Fig. 2) . Saturating the bathing solution with O 2 increased V am to Ϫ80.6 Ϯ 1.7 mV (n ϭ 84). The bathing medium was therefore oxygenated by vigorous bubbling of O 2 for 30 min prior to its use in all subsequent experiments. Under these conditions, the measured potential ranged from Ϫ50 to Ϫ115 mV. The membrane potential was also sensitive to the rate at which the bath was perfused. It decreased by 5 to 10 mV when the perfusion was stopped but returned to its original level soon after the perfusion was resumed (Fig. 3) .
The addition of 1 or 10 g of trypsin-activated CryIA(a), CryIA(b), CryIA(c), CryIC, CryIE, or CryIF per ml caused a rapid and irreversible depolarization of the apical membrane (Fig. 3A to C and E to G). In contrast, CryIB (Fig. 3D) and CryIIIA ( Fig. 3H ) had little effect even at 50 g/ml. Despite their inactivity in L. dispar midguts, the CryIB and CryIIIA toxin preparations used for these experiments were shown to be functional by demonstrating their ability to form ionic channels in planar lipid bilayer membranes (results not shown). The rate of depolarization depended strongly on the concentration of active toxins but varied relatively little among the different toxins tested. At the highest toxin concentration (10 g/ml), depolarization started soon after the toxin was added and became evident within 1 to 2 min. The rate of depolarization was considerably reduced when the toxin concentration was reduced to 1.0 g/ml and became negligible at 0.1 g/ml. In the presence of 10 g of CryIA(a), CryIA(b), or CryIC per ml, the membrane potential was completely abolished after about 10 min (Fig. 3A, B , and E). On the other hand, the same concentration of CryIA(c), CryIE, or CryIF caused only a partial reduction of the membrane potential, which remained stable after the bathing solution was replaced with toxin-free medium (Fig. 3C, F, and G) . Increasing the time of exposure to the toxin from 5 to 15 min, however, caused a complete depolarization of the cells (Fig. 3G) .
The effects of these toxins on V am are summarized in Table   FIG 1 and compared with published values on their in vivo toxicity towards L. dispar (36, 37) . Among the active toxins, the time required for 10 g of toxin per ml to depolarize the membrane by 50% varied only about 2.8-fold. In contrast, the 50% frass failure dose, measured with force-feeding bioassays, varied about 113-fold. The difference in activity is especially noteworthy for CryIA(c) and CryIC, which were much less active than CryIA(a) and CryIA(b) in the bioassays, and for CryIE, which was even found to be inactive in vivo, although it was not tested at very high concentrations.
Effect of B. thuringiensis toxins on V bm of L. dispar midguts. Because some of the differences between the in vivo and in vitro toxicities of the tested toxins could possibly be due to the fact that, in the experimental setup used to measure V am (Fig.  1A) , toxins could have access to the basolateral side of the epithelium by infiltrating the space between the midgut tissue and the pipette, V bm was also measured (Fig. 1B) . In the absence of toxin, the potential measured in oxygenated 32K solution was Ϫ32.0 Ϯ 2.0 mV (n ϭ 31). It ranged from Ϫ20 to Ϫ50 mV and was stable over 15 min. Addition of a 10-g/ml solution of CryIA(a) or CryIC, which were highly active on the apical membrane, to the basolateral side of the epithelium had no significant effect on V bm (Fig. 4) . The toxins thus appear to act specifically on the apical membrane of the epithelial cells.
Effect of B. thuringiensis toxins on V am of B. mori midguts. In the absence of toxin, V am measured in the anterior region of freshly isolated B. mori midguts bathed in O 2 -saturated 32K solution was Ϫ84.5 Ϯ 3.2 mV (n ϭ 63). It ranged from Ϫ50 to Ϫ135 mV. The membrane potential of B. mori midgut cells was more sensitive to the rate of bath perfusion than that of L. dispar. When the perfusion was stopped, the membrane potential dropped about 20 to 30 mV, but as was observed with midguts isolated from L. dispar, it returned rapidly to its original level when the perfusion was resumed (Fig. 5) . Addition of CryIA(a) caused a rapid and irreversible depolarization of the membrane, but CryIA(b) and CryIA(c) were inactive (Fig. 5) . These results correlate well with published lethal doses established with bioassays (37), which demonstrate a high level of toxicity for CryIA(a) but no detectable activity for the other two toxins.
DISCUSSION
The larval midgut epithelium of lepidopteran insects actively transports K ϩ ions from the hemolymph to the lumen (14) . This activity, which is mediated by a vacuolar-type proton ATPase coupled with an electrogenic K ϩ /H ϩ exchanger, both located in the apical membrane of goblet cells (41), maintains a strong potential difference across the epithelium. In turn, the electrical component of the K ϩ electrochemical gradient generated across the apical membrane serves as the main driving force for the absorption from the lumen of solutes such as amino acids by columnar cells (11) . By forming channels in the apical membrane, B. thuringiensis toxins are thought to cause the electrochemical gradient to collapse, thus abolishing the capacity of the cells to transport solutes and allowing equilibration of the pH between the cytoplasm and the highly alkaline content of the lumen (21, 43) .
In the present study, we used a standard microelectrode technique to measure the membrane potential in freshly isolated midguts from lepidopteran larvae. In the absence of toxin, V am was large (about Ϫ80 mV), stable for up to 30 min, b Time required for 10 g of toxin/ml to cause 50% depolarization of the midgut apical membrane. NS, not sensitive. and sensitive to the K ϩ and O 2 concentrations in the bathing solution. The viability of the midgut cells and the activity of their ionic pumps were thus well preserved following isolation of the tissue. Because B. thuringiensis toxins directly affect the ionic permeability of the apical membrane, such membrane potential measurements provide a rapid and sensitive in vitro assay for toxin potency in their normal target cells. The membrane potential decreased rapidly in the presence of active toxins and was unaffected by CryIB and CryIIIA, two inactive toxins. Furthermore, all tested toxins with known activity against B. mori or L. dispar larvae were active in their respective isolated midguts. In the case of B. mori midguts, the in vitro activity of the toxins was consistent with their in vivo toxicities (37) . Surprisingly, however, the ability of active toxins to depolarize the apical membrane of L. dispar midgut cells correlated only partially with their respective in vivo toxicities, established by force-feeding bioassays (Table 1) (36, 37) . Despite their relatively poor activity in the bioassays, CryIA(c), CryIC, and CryIE were about as effective in vitro as the more potent CryIA(a) and CryIA(b) toxins.
In vitro and in vivo data should, however, be compared with caution. While in the in vitro experiments the effects of the toxins are measured directly on their primary target cells during a 15-min interval, in the in vivo assays their effects are examined on whole larvae after several days. Regeneration of the midgut epithelium could thus contribute to the survival of the larvae without affecting the results of the in vitro assay. Such comparisons could also be misleading in view of the rather large differences in the relative in vivo toxicities towards L. dispar larvae reported by different laboratories for different toxins. For instance, CryIA(b) was found to be about 394 (42) , 113 (37), 4 (23), and 1.2 (24) times more potent than CryIA(c) against this insect. It should be pointed out, however, that such variability may in large part be due to different bioassay conditions and, in particular, to the use of different toxicity indices: e.g., mortality (42) , frass failure (37) , and growth inhibition (23, 24) . Our results correlate well with those of Liang et al. (24) for the three CryIA toxins, but comparison with the bioassay data of van Frankenhuyzen et al. (36, 37) , in addition to being more complete, appears to be more appropriate, since potential sources of variability have been minimized by use of larvae from the same source, identical diets, and toxins purified and trypsin activated by the same method.
As was mentioned above, binding of B. thuringiensis toxins to brush border membrane vesicles often fails to correlate with their toxicities. This difference is usually taken as an indication of the importance of postbinding events such as pore formation in the mode of action of these toxins. Although the results of the present study cannot exclude the possibility that a toxin could bind to the membrane without forming a channel, they do indicate that, at least in the case of L. dispar, the ability of a toxin to form a channel in the apical membrane does not necessarily reflect its potency towards whole larvae. An even more striking case of discrepancy between the in vivo and in vitro toxicities of B. thuringiensis toxins was demonstrated when a number of toxins were tested against live silkworm larvae and against dissociated midgut epithelial cells from the same insect (27) . For example, CryIA(c), which was inactive in B. mori larvae, was among the most effective toxins tested, including CryIA(a), when assayed against the epithelial cells.
The differences in apparent potency summarized in Table 1 are likely related to the fact that in the in vitro assay, as in most binding assays, the toxins have unhindered access to their receptors on the surface of the apical membrane. In live larvae, on the other hand, numerous additional factors could affect the potency of different toxins. Although they are potentially important sources of variation in the activities of different toxins in nature, protoxin solubilization (1) and activation (13, 19, 32) cannot explain the differences presented here, since in the bioassays the larvae were force-fed with trypsin-activated toxins. It remains possible, however, that the toxins may have different effects on the feeding behavior of the larvae (7), thus affecting the results of the bioassays based on growth inhibition or frass failure. The activated toxins could also differ in their susceptibility to further proteolysis in the midgut environment.
The possibility that the solubility of different toxins, even when activated, may vary in the midgut is suggested by the recent isolation from spruce budworm gut juice of a protein complex that causes selective toxin precipitation (28) . This particular complex, however, cannot explain the relatively poor activity of CryIA(c) against L. dispar larvae, since it does not precipitate this toxin and appears to be specific for CryIA(a). Gut juice from L. dispar was also shown to have a toxinprecipitating activity (28) , but since it was tested against the toxins from the HD-1 strain of B. thuringiensis, which produces a mixture of CryIA(a), CryIA(b), and CryIA(c), it remains possible that it could differ in its specificity and that additional toxin-precipitating proteins could be present. Diffusion across the peritrophic membrane could also affect differentially the in vivo activity of the toxins, as suggested by the rather strong accumulation of toxins at the level of this membrane that was demonstrated by immunocytochemical studies (2, 3) and by the fact that such accumulation varies greatly for different toxins. Passage through the peritrophic membrane could also be restricted by the binding of the toxins to specific proteins in the midgut, as was suggested previously (28) .
In conclusion, the results of the present study and their comparison with published bioassay data illustrate the complexity of the interaction of B. thuringiensis toxins with their target tissue. Although the results clearly emphasize the importance of specific binding and pore formation in the midgut brush border membrane, as well as the usefulness of the in vitro techniques used to characterize them, they stress the need for further research on the potential role of prebinding events in modulating the potency of these toxins against the live insect.
